INTRODUCTION
The study of impact basins provides information on several fundamental questions in lunar science. Analysis of basin deposits yields data on processes of basin formation and evolution, including depth of excavation of basins, the nature of the emplacement of ejecta, the origin of the morphology of various ejecta deposits, the mixing of ejecta with the preexisting substrate, the origin of basin rings, and the stratigraphy of basin deposits (Figure 1 ). Since the formation of single impact basins has such a widespread effect on the preexisting surface (essentially complete destruction in the basin interior and ballistic modification and blanketing in the exterior), large basins can radically alter the geography of extremely large portions of the Moon (Figure 2 ), covering and compositionally obscuring previous craters, basins, and Alternatively, the Montes Rook Formation is interpreted as deposits that were initially like the radially textured Hevelius, but were modified texturally by late or postbasin megaterrace formation [Head, 1974a,; ttead, 1977] . This interpretation places the rim of the transient cavity at about the Outer Rook Mountains. The exterior ejecta deposits, the Hevelius Formation (Figure 4 ; HV in Figure 6 ), extend about one basin diameter beyond the Cordillera Mountains. The proximal Hevelius Formation consists of a deposit of continuous ejecta, textured radially to the north and south of the basin and exhibiting concentric ridges to the east and west. Distal portions are characterized by a discontinuous cover of smooth plains deposits and preexisting terrain heavily cratered by secondaries. Smaller, older basins and large craters located within the distal Hevelius Formation, including SchillerZucchius and Schickard to the southeast, contain light plains morphologically resembling mare deposits but with a highland-like albedo. These characteristics are similar to the configuration of deposits surrounding the Imbrium basin (the radially textured Fra Mauro Formation) and nearby distal deposits (Cayley Formation and secondary crater clusters) [Wilhelms, 1987; Head, 1974b Head, , 1975 Spudis et al., 1988] . In the case of Imbrium, the distal plains have been interpreted to be non-mare volcanic plains younger than the Imbrium basin [Soderblom and Lebofsky, 1972] , prebasin volcanic plains [Hartmann and Wood, 1971; Hawke and Head, 1978] , Orientale primary ejecta [Chao, 1973] , and Imbrium distal ejecta facies consisting largely of primary ejecta [Eggleton and Schaber, 1972] or local material mobilized and mixed by Imbrium ejecta Head, 1974b ]. Orientale's large size (>900 km diameter) suggests the possibility that it excavated and exposed deep crust or mantle, but Earth-based telescopic observations [Spudis et . Interior to these is the largest concentration of far-side mare patches [Wilhelms, 1987] . Apollo laser altimetry showed that the basin interior is topographically lower than the surrounding highlands, and gamma ray spectroscopy demonstrates that its iron content is enriched relative to the surrounding highlands [Metzger et al., 1974; Stuart-Alexander, 1978] . Initial analysis of Galileo images demonstrated that the basin interior also has a strong 1-1•m absorption interpreted to be due to mafic minerals, possibly originating by impact excavation of lower crust or mantle material or formation of cryptomaria [Belton et al., 1992b] .
The pre-Nectarian Apollo basin (A in Figure 5 ) is superposed on the northeastern part of South Pole-Aitken. Two major basin rings have diameters of 250 and 505 km, and the interior of the basin exhibits two sizable patches of superposed maria [Hartmann and Wood, 1971 Figure 8 reveal that major variations in continuum spectral slope in the highlands are largely related to exposures of fresh crater material, which has a less red continuum slope (brighter in Figure 10c ). In contrast, variations in visible spectral slope and the estimated depth of the mafic absorption (Figures 10b and 10d) form irregular annuli around the basin, correlating at least in part with the morphologic units. The compositional differences of these morphologic units can be meaningfully inferred from spectra if two conditions are met. First, the units must be sampled by sufficient pixels to minimize any spurious differences between channels of the Galileo camera which might be due to slight misregistration, low data number (DN) levels, and/or low levels of scattered light. Second, the morphologic units should be of comparable albedo to minimize possible systematic spectral effects of differing regolith maturity caused by exposure of fresher materials on steep slopes or superposition of fresh craters (discussed below) Statistical parameterization. We also classified observed surface regions into discrete spectral units using the statistical parameterization method of Hurtrez et al. [1991] . In this method, each spectrum in an image is reduced to two dimensions, mean reflectance in all channels and standard deviation from the mean reflectance (Figure 9b ). Mean reflectance in the photometrically corrected mosaics is approximately proportional to albedo; standard deviation from neutral gray is a measure of the spectral contrast and represents the departure of the spectral shape from a neutral (i.e., flat line) spectrum. Hurtrez et al. [ 1991 ] have demonstrated this method in laboratory measurements of mixtures consisting of a small number of spectrally distinct end members (olivine, pyroxene, and plagioclase). In this simple case, the data form a ternary plot with end members on the vertices and mixtures forming linear trends between them.
In a planetary surface region that consists of mixtures of constant but unknown spectral reflectance end members, this technique offers three valuable capabilities. First, the vertices of a mean-standard deviation diagram represent the spectral reflectance end members. Second, spatial units defined from domains on the diagram will represent the spectral equivalent of a constant range of mixtures of these end members. Third, if regolith maturation produces systematic spectral reflectance variations, which can be defined on the mean-standard deviation plot, these variations can to some extent be "seen through" tO determine spatial distributions of distinct or related units. The procedure for doing this is described below. Figure 11 shows in medium gray the mean-standard deviation diagram of all spectra in the Orientale region. We selected homogeneous northern and eastern portions of the Hevelius Formation as being representative of basin-related deposits, and identified within these areas several fresh, small craters which were assumed to be less mature regolith formed on the same lithology. For each crater, 50-100 pixels with a wide range of brightnesses were measured. As typified by the plot in white in Figure 11 , increasing mean reflectance is accompanied by only a small systematic increase in standard deviation. If spectral shape scaled linearly in proportion to increasing brightness, standard deviation would increase proportionally to mean reflectance. The reason for this behavior is apparent in This exercise shows that regolith maturation on representative highland surfaces can be represented as a linear trend on a mean-standard deviation diagram. Mixing of optically distinct materials can form a distinct and nonparallel trend. If regoliths on the different basin deposits mature similarly, then units classified by slicing the mean-standard deviation diagram parallel to the observed regolith maturation trend should be related more to properties of the substrate, minimizing differences resulting from regolith maturation.
Following these principles, we classified the Orientale region into spectral reflectance units. The units were defined as domains on the mean-standard deviation diagram, derived by slicing the plot primarily parallel to the trend due to regolith maturation. Specific unit boundaries on the diagram were derived by iterating the slicing procedure, until mapping of these domains onto the image mosaics produced the most spatially coherent units. Secondary slicing of the diagram on the basis of albedo was performed to isolate spectral reflectance end member regions. The procedure was iterated until we identified a small number of spatially coherent units whose boundaries are verifiable independently on the basis of one or more parameter images in Figure •' .
• In theory, if the compositional characteristics of ejecta from a basin are sufficiently different from the adjacent substrate on which the ejecta reimpacts, the relationship of the primary ejecta and any excavated secondary ejecta can be studied using mixing models. This is of critical importance in the analysis of models of ejecta emplacement. In practice, however, the ejecta is commonly of sufficiently comparable composition so that this distinction is difficult. However, the presence of cryptomaria (inferred to be mare deposits that predate the emplacement of basin ejecta [Head and Wilson, 1992] ) provide a datum of distinctly different composition than typical highland ejecta, and provide a basis for defining the endmembers that are important for mixing models. Mixing between Orientale ejecta, which has a typical mafic-poor highland composition, and pre-Orientale mare deposits may occur during the emplacement of Orientale ejecta and secondary impacts by (1) ballistic erosion and sedimentation (Figure 20) or, (2) primarily by postimpact vertical mixing if the ejecta is emplaced by a clustered-impact processes [Schultz and Gault, 1985] . These models make different predictions about the ratio of impactor to excavated mass, and the relative spatial distribution of primary ejecta to excavated material in the ejecta deposits. The ballistic erosion model predicts that the ratio of ejected mass to the mass of the secondary projectile increases logarithmically with radial distance from the primary crater. The ejecta and target material should be well mixed, especially within the continuous ejecta facies. Therefore, in the case of Orientale ejecta interacting with a mare target, the ratio of mare to primary ejecta should increase exponentially with distance from Orientale, and the increase should be smoothly varying. In the clustered-impactor hypothesis, ejecta/target mass ratios are expected to be highly variable depending on impact angle, target strength, cluster size and density, etc. In general, however, the ejecta/target ratios are expected to be a factor of 2-5 less, and for low-impact angles much of the impacting material is expected to ricochet out of the secondary crater. This process is predicted to be most important in isolated impact clusters in the discontinuous ejecta or crater rays. Analysis of Galileo data. The Galileo SSI data provide an ideal opportunity (1) to define the regional extent of preOrientale mare deposits in the Schiller-Schickard regions and (2) to test the predictions of models for the emplacement of ejecta in a basin forming event. Spectral mixture analysis (discussed above) was used to deconvolve Galileo SSI data of the region shown in Figure 19 into the relative contributions of the mixed spectral components in the surface material.
Careful analysis of inherent spectral variability, and hyperspectral data over a target area like the Schiller-Schickard cryptomare. Results from spectral parameterization. Spectral parameter maps of the southeastern far side are shown in Figure 13 . Both visible spectral slope and estimated depth of the mafic absorption band exhibit heterogeneities correlated with some, but not all, basin materials of comparable albedo. The interior of Mendel-Rydberg exhibits both a less red visible spectral slope and a stronger mafic band than the surrounding Hevelius. As a whole, the interior of Hertzsprung is less mafic than its exterior. Hausen and its ejecta exhibit a redder visible spectral slope and a slightly stronger mafic band than the distal Hevelius Formation to the northeast. On a larger scale, there is a perceptible variation in mafic absorption band depth in the Less obvious is that bright fresh craters, which are prevalent in surrounding highlands observed at comparable illumination geometry, are almost entirely absent from the interiors of these two basins. The spectral parameter images in Figure 13 show that the basin interiors also have a redder visible spectral slope than any adjacent highlands, including the proximal Hevelius Formation, and a stronger mafic absorption than the cryptomaria, comparable to that in the mare. Unlike the cryptomaria, however, the relationship of albedo and mafic band depth is different. Within South Pole-Aitken, it is the brighter southeastern portion which has the strongest mafic absorption and the reddest visible spectral slope. In contrast, in the cryptomaria where mare are believed to be mixed with mafic-poor higher-albedo material, lower-albedo regions with the largest fraction of intermixed mare have the strongest mafic absorption. The orbital geochemical data for iron and radioactive elements [Metzger, 1974] for the northern rim and interior of the basin, although anomalous for the far side in general, are not in the range anticipated for the lunar mantle and are most consistent with crustal materials. Impact melt deposits were certainly a major factor in the basin interior (Figures 27 and  29) in its early history, and compositionally they should be representative of the average composition of the target material, not the deepest material [Grieve, 1991; Grieve et al., 1991] . Therefore, because of the extremely large size of the basin, the region representing the melt sheet should be more mafic than the average upper crustal mature highlands (having sampled and averaged both upper, and lower crustal, more mafic, material), but perhaps less mafic than the immediately adjacent ejecta deposits representing the most deeply excavated material (Figure 29) . However, the coherency of such a relatively thin impact melt unit (estimated to be about 1 km in Orientale [Head, 1974a] ), would not seem capable of surviving the subsequent formation of hundreds of craters and basins in the basin interior, and the emplacement of maria (Figures 26  and 29) . These subsequent impacts would have excavated primarily deeper crustal material or perhaps upper mantle material depending on the size of the impact and the thickness of the post-South Pole-Aitken crust. In contrast, the compositionally anomalous southern interior region of the basin lies in the area that is a candidate for the deposits of the collapsed basin rim (the equivalent of the Montes Rook Formation in Orientale; Figures 27 and 29) . Here, there is a paucity of post-South Pole-Aitken basins (Figures 24 and 29) . In this case, the material might be most plausibly interpreted as containing olivine excavated from the lowermost crust or uppermost mantle.
CHARACTERISTICS AND SPECTRAL PROPERTIES OF SOUTH POLE-AITKEN AND OTHER SOUTHEASTERN FAR SIDE BASINS

Background. The Galileo data revealed a major anomaly in the color
How then to account for the relatively homogeneous lowalbedo northern interior deposits? The most plausible explanation appears to be a combination of (1) deep crustal material exposed in basin interior massifs and in the rims and deposits of subsequent craters, and (2) admixed basaltic material from early lava filling, partly buried by superposed crater and basin (e.g., Orientale) ejecta (cryptomaria). The presence of cryptomaria is logically to be inferred from (1) 
SEQUENCE OF EMPLACEMENT OF BASIN MATERIALS ON THE $OLrrHEASTERN FAR SIDE
The relationships of the spectral properties of southeastern far-side basins with surficial geology suggests that specific basin deposits can be isolated and their spectral properties analyzed using Galileo data. Consequently, aspects of the geologic history of these basins can be inferred by relating spectral properties to physical geology revealed by higherresolution Lunar Orbiter, Zond, and Apollo images. The physical geology of the region has been discussed by Scott In later pre-Nectarian and Nectarian time, Hertzsprung, Mendel-Rydberg, and Bailly were formed in distal parts of the South Pole-Aitken ejecta. Hertzsprung's interior is less mafic than that of South Pole-Aitken, having been derived from shallower, less mafic crustal layers. The interior forms a "window" into the less mafic crust underlying ejecta of Apollo and South Pole-Aitken, but the exterior ejecta are slightly more mafic than the basin interior due to intermixing with the preexisting ejecta during either emplacement or subsequent cratering. After these basins formed, some mare-type volcanism is inferred to have occurred. Mare deposits partially filled Mendel-Rydberg as well as Schickard and SchillerZucchius, and probably the interior of South Pole-Aitken.
The youngest basin to form in this region, Orientale, is so large that it dominates surficial geology of the southeastern farside and western limb (Figure 2) . Shallowly derived, maficpoor material comprising the Hevelius Formation formed the exterior ejecta deposits. These covered and intermixed with preexisting materials, whose spectral properties somewhat modified the Hevelius. The marelike deposits in MendelRydberg, Schickard, and Schiller-Zucchius imparted a significant mafic component to the overlying Hevelius, especially where subsequent small craters excavated local concentrations of the mare component. Hevelius superposed on the surfaces east of Orientale, proximal to the basin, retained a very mafic-poor lithology. Hevelius superposed on surfaces to the west incorporated a larger mafic fraction from the preexisting surface including primarily South Pole-Aitken ejecta, as well as impact melt sheets and possibly unrecognized cryptomaria, during either emplacement or subsequent cratering. Orientale ejecta also buried Bailly and the southeastern half of the interior and ejecta of Hertzsprung, but because of their subtle spectral differences they did not modify the Hevelius enough to be detected by Galileo images.
The interior of Orientale exposes material with spectral properties similar to that exposed in the interior of Hertzsprung, mostly less mafic than the surrounding terra. 
CONCLUSIONS
The multispectral image data acquired by the Galileo SSI experiment during the December 1990 encounter provide important information on the composition of the western lunar limb and parts of the far side and the nature of impact basins, their deposits, and stratigraphy. Spectral and statistical parameterization, mixing model analyses, and spectra derived from the multispectral image data were compared to photogeologic analyses of higher resolution images.
The ejecta deposit of the Orientale basin, the Hevelius Formation, appears relatively homogeneous and similar in composition to mature Apollo 16 soils, and is interpreted to be excavated from the upper crust. The centrally located Maunder Formation, although giving a crater age slightly younger than the Hevelius, is distinct from the younger mare basalts and does not show a pronounced mafic absorption band, being comparable to the Hevelius Formation in its spectral reflectance properties. These characteristics support the interpretation of the Maunder Formation as impact melt, representing the average composition of highland upper crustal target material. The Montes Rook Formation, located in an annulus between the Maunder and the Hevelius shows a slightly enhanced mafic absorption and may incorporate deeper crustal material. The distal Hevelius Formation and associated deposits show local mafic enhancements, the largest of which are interpreted to represent the presence of pre-Orientale mare deposits, or cryptomaria. The characteristics and sizes of two of these, Schiller-Schickard and Mendel-Rydberg, show that the emplacement of basalts in ancient impact basins to produce maria of sizes comparable to those presently observed, was widespread in this region. Using the Schiller-Schickard cryptomare deposits as a datum, mixing-model analyses were employed to estimate the proportions of Orientale ejecta that were mixed with the underlying mare deposits as a function of range from the basin center. The results are consistent with the ballistic erosion and sedimentation model for ejecta emplacement in the distal regions beyond the continuous ejecta deposit.
One of the most fundamental discoveries from these data is the presence of a huge compositional anomaly on the southern lunar far side. This low-albedo region is much more mafic than the surrounding highlands and corresponds to the interior of the pre-Nectarian South Pole-Aitken impact basin, about 2000-2500 km in diameter. In addition, the proportion of mafic material in the highland soils increases as the basin is approached. Within the basin, distinct variations in the albedo and spectral reflectance properties are also observed. The South Pole-Aitken basin compositional anomaly is interpreted to be due to several factors. The large size of the basin (over twice the diameter of Orientale) and its spectral reflectance characteristics suggest that it excavated to deeper levels than Orientale, into the more mafic lower crust. There is no positive evidence that the deposits represent material excavated from the upper mantle, although some contribution from the mantle cannot be ruled out. The nature and distribution of the deposits suggest that some components of the mafic anomaly represent ejecta: (1) deep ejecta from the South Pole-Aitken basin (e.g., the possible presence of olivine in the southeastern interior), and (2) ejecta on the basin rim from South Pole-Aitken or subsequent basins such as Apollo. The spectral reflectance properties of much of the interior are consistent with and most plausibly interpreted as early volcanic fill (cryptomare), similar to that seen in ancient basins such as Smythii and Australe. Subsequent impact events both inside and outside the basin (such as Orientale) mixed nonmare material with these deposits. In Imbrian times, emplacement of mare deposits continued in the form of emplacement of numerous small patches in the basin interior.
Examination of the deposits of these impact basins on the western near-side limb and parts of the far side show that although basin-forming events are an important factor in producing lateral heterogeneities in crustal composition, and in modifying preexisting deposits (such as cryptomaria), the majority of material excavated is confined to crustal levels. The results of this study are consistent with a gradational vertical crustal stratigraphy consisting of an uppermost crustal layer of anorthosite, mixed basin ejecta, and cryptomaria deposits (generally corresponding to the megaregolith), an upper crustal layer of anorthosite, and a lower more mafic noritic layer. Examination of the deposits of the proposed Procellarum basin (about 3200-km diameter [Whitaker, 1981] At the present time, continuing incomplete knowledge of the details of crustal thicknesses and stratigraphy, the mode of impact basin cavity growth and source of ejecta as a function of depth, and the comprehensive compositional characteristics of the lunar surface preclude more refined treatment of these problems. These data, in spite of their limited spectral and spatial resolution, do however show how important compositional data are for the understanding of basin formation processes and crustal stratigraphy. Many of the basic questions remaining from this study could be addressed by global high-resolution geochemical and mineralogical data, such as could be obtained by polar orbiting spacecraft.
